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ELECTRO-OPTIC MODULATORS WITH INTERNAL IMPEDANCE MATCHING 

BACKGROUND OF THE INVENTION 

The present invention relates generally to electro-optic modulators and, more 
particularly, to optical modulators having an internal structure for matching 
impedance with coaxial connectors. 

The operation of electro-optic modulators is based on the interaction between 
an electrical microwave, or radio frequency (RF), modulating signal and an optical 
signal. An optical modulator is typically obtained by utilizing the electro-optical effect 
of the modulator's waveguide material. This effect comprises changing, through an 
applied electric field, the index of refraction of the optical waveguide in which the 
optical signal propagates. This variation in time of the refractive index produces a 
desired phase modulation of the optical signal traveling through the waveguide. An 
amplitude modulator can be made by exploiting the above phase modulation in at 
least one arm of a waveguide interferometer, e.g., a Mach-Zehnder interferometer. 

To obtain a modulator, it is necessary to have an optical waveguide carrying 
an optical signal and an electrode structure responsive to an applied RF signal that 
permits generation of the electric field necessary for modulating the optical signal. To 
increase the modulating effect, that is. the phase variation of the optical signal versus 
the amplitude of the applied RF signal, interaction between the optical signal and the 
electric field should be distributed along a planar microwave waveguide structure. 
The optical beam is made to propagate parallel to the planar microwave waveguide 
structure. In this way, the optical signal undergoes phase variations induced by the 
microwave signal along the entire length microwave waveguide. 

An example of such a substrate and electrode structure is shown in FIG. 3. 
FIG! 3 is a top view of an electro-optic substrate 2 with an optical waveguide 1 
running through it. Electrode 3 generates an electric field along its entire length. 
Thus, an optical signal propagating through waveguide 1 undergoes phase 
modulation along the entire length of electrode 3. 

To obtain an increased modulating effect, proper electro-optic substrates, 
wherein the applied RF field can induce a significant variation of the refraction index, 
are exploited to guide the optical signal. An example of a useful material for such a 
substrate is Lithium Niobate, LiNb0 3 . A known, less preferred alternative material is 
Lithium Tantalat , UTaOg. 

Moreover, the coupling between the propagating optical and microwave signal 
must be synchronous to allow th phas variation induced by th microwav signal to 
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increasingly add up throughout m whole structure. Synchronous coup.™ «„ ^ 
achieved by proper design Che mfcrowave lkm , , 

the „na eoua, ,o th. 00,0a, eftoaiv. I„d«. » result may „. obtahed ,„ j£ 
way. for .nstonce by Casino me etectrode ^ 
5 on a fh,n, low dielectric constant, buffer layer. "ectrodes 
The optimization of the electrode region with respect to synchronous 

•TZT t r aXin,Um eleC,re<pHeal ■*""*" -ah, -ad, .0 ,*es o, v«y 
w*m. which canno, be directly connected to a pianar-tcoaxial 

10 rtf ,T y 80 ' VedbymeanS<, "^ miM ™»"eU JP er,,uchas 5 i„F, 6 3 
10 The toper leads a. a constant character impedance from -» small moiu<a 

Otothecomp.^,^^^^^^^^^ "™ 

coax*, require this larger dimension as an intorfaos. m. resul.no input 

impedance ieve* c, me modulator, however, to* .0 be much lower than 50 CT 

15 ZaTo Standani referen0e ' mPedan ~ «— — — and RP 

1 5 generators are currently designed. 

such J!! mlSmateh " - ^ lmpad>nces «-* I" numerous probtems 

such ma. the source and load Impedances should be -matched- , mpod J, 

ma«n,n fl , as general* understood, comprise. meWng a sourca Impedance and a 

~ ^ *' — *> «• <" the instam implement, .he 
eZedt, 9enera ' 0r ' COaXla ' ^ a ™> «» 'oad is .he opBca, modulator 

Input impedance matching is desirabl. In optical moduUrtors, because besides 
.ncreas.ng *e input el^ca, paw~ fed Mo ^ modaatof , „ a , 0 de J^^* 

" - Beeau* a change in retrace IndLTthT 

sube^e ,. dNc* related to the amount of RP a,ee«ca, power input to £ 
modutafng etocto*.. me amplltode of optica, modular achievable a. a given RF 
generator power is also increased when impedances are matched 

o .„ , ~ Pa,en,S *" " "•"""P* "»**■*» describe various scheme, 
0 inaudstg provrting an extoma, making netwe*. formafching me impe^f 
optica, modulators w* their respective modultfing sign,, souL 

U.S. Patent No. 5 . 189 ,547 (Day et al.) describes a tunable adaptrve external 
«- connect to a bu,K elsdro^Bca, modulator tor imped.nc matohing^hT 
external dnving circuit Is connected between th signa-gen rator and me modulator 

2 7 ' naUdeS dlSCrete ""»«-*• «- « -and-ad/usteble to ™to 
the impedance 0. the modulator with that of ma signal generator 
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U.S. Patent No. 5,572.610 (Toyohara) describes an impedance matching 
means for matching an impedance of a control signal source and a signal electrode 
for a wide band waveguide-type optical device. 

In the field of microwaves, a "resonant" line is a line connected to a load 
5 having a drastically different impedance from the characteristic impedance of the line 
itself. In electro-optical modulators, the characteristic impedance of the -hot" (i.e., 
carrying the RF signal) electrode is typically several tens of ohms, for example 20-50 
ohms. Typical configurations for a resonant modulator are: an open circuit RF 
electrode ("infinity" impedance of the load); and the RF electrode short-circuited to 
10 ground ("zero- impedance of the load). Other configurations are possible, as a RF 
electrode connected to a load having an impedance of few ohms or of several Wlo- 
ohms. for example. A good parameter which can be used in defining "resonant' is 
the modulus of the r coefficient, which is defined as: 

p _ Zl — Zo 
Zi + Zo 

1 5 where: Zl is the impedance of the load, and 

Zo is the characteristic impedance of the line (RF electrode). 
IH has a value in the range from 0 to 1 . If |r|=0, i.e., if Zl=Zo, the line is 
under a traveling-wave condition. If |r|~1 , i.e., if 21=0 or Z^Z* the resonance 
condition is met. Henceforth, the following practical definition of resonance will be 

20 used: a modulator is of the 'resonant" type if |r|*0.5. A preferred resonance 
condition corresponds to |I"|>0.8. 

Resonant modulators are highly efficient in narrow bands around some 
resonance frequencies f* Such high efficiency has been verified for frequencies 
around above some GHz, generally from 0.5 to 5 GHz, and preferably from 1 to 4 

25 GHz. A typical frequency band of interest for resonant modulation is that around 2 
GHz. An exemplary application of resonant modulators is phase modulation at 2 
GHz for stimulated Brillouin scattering (SBS) suppression in cable television (CATV) 
systems. In such systems, high modulation efficiency can be exploited to save 
modulation power, resulting in less heating and reduced thermal stabilization 

30 problems. 

For further details regarding resonant configuration and phase modulation for 
SBS suppression, please refer to WO 99/09451. 

Impedance mismatch between the load and the line becomes a s rious 
problem if the modulator design is of the resonant type. This problem gets worse th 
35 closer th |r| value is to 1 near th resonant frequencies of interest. In this case, 
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namely, the center band impedance becomes almost imaginary. Applicants have 
determined that the Impedance of a resonant modulator, eg. the modulator of FIG 3 
has typically a real (resistive) part lower than 10 ohms and an imaginary (reactive) ' 
part higher than 50 ohms. The impedance mismatch between the RF signal source 
5 and the modulator is conventionally eliminated by attaching to an external 
concentrated network. 

U.S. Patent No. 4,372,643 (Liu et al.) discloses a standing-wave, velocity 
matched gate including an optical directional coupler that has a pair of electrodes 
located over the waveguide. The electrodes form an electrical transmission line that 
m energized at its input by a signal source having an output impedance R. ,n one 
embod,ment, the transmission ,ine is terminated by a short circuit and the electrodes 
are proportioned such that the input impedance of the line has a real part that is 
equal to R. The imaginary component of the transmission line is resonated by an 
external impedance connected across the input end of the line. 

U.S. Patent No. 4,850,667 (Djupsjdbacka) relates to an electrode 
arrangement for optoelectronic devices. A first elongate electrode has a connecting 
conductor for an incoming microwave signal with the aid of which a light wave is to be 
modulated. The connecting conductor divides the first electrode into a standing wave 
guide and a traveling wave guide, which is connected via a resistor to a U-shaped 
second electrode. It is stated in the '667 patent that the incoming modulating 
microwave has maximum modulating ability in the standing waveguide if its frequency 
» ui agreement with the resonance frequency fc of the standing wave guide, in one 
embodiment, the connecting conductor is grounded. 

U.S. Patent No. 5,005,932 (Schaffner et al.) describes a traveling-wave 
electro-opticai modulator with a periodic electrode structure of the intermittent 
interaction type. This electrode structure has a plurality of middle stubs to maintain 
the phase of the RF drive frequency in phase with the optica, signer This electrode 
structure makes possible the modulation of optical signals by RF signals above 
microwave frequencies. Impedance transforming and impedance matching 
characteristics are built into the modulator and this facilitates connection of the RF 
source since no extra impedance matching circuitry is required. Impedance 
transforming is performed by tapered input and output openings. The impedance 
matching is carried out by end stubs which are shorter than the middle stubs The 
.mpedanc matching stubs serv to transform the impedance of the periodic 
electrod structure t the impedance of an unperturbed linear RF coplanar 
waveguide. The impedance transforming sections serve to bring the impedance level 
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seen by the RF signal at a location just outside th impedance matching stub up to 
the impedance level of the source and the load. 

Applicants remark that impedance transforming circuitry and impedance 
matching features like those disclosed in the Sehaffner et al. patent in combination 
with a traveling-wave relatively-broad-band electrode structure, cannot be used with a 
resonant modulator, as they would not allow to compensate the almost imaginary 
impedance of a resonant modulator. 

Applicants have noticed that an external impedance matching network 
imposes additional costs, not only for the matching components, but also for the 
separate packaging and connectors for the interface between the modulator and the 
RF generator. Similarly. Applicants have recognized that the overall dimension of the 
system having an external impedance matching network is large due to these 
external components. As well, the reliability and repeatability of the external 
matching is undesirably low, due to variation in the component values and parasitic 
1 5 impedances of the external components. 
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SUMMARY OF THE INVENTION 

Applicants have noticed that external matching. e.g., the simple integration 
within the package of a circuit comprising concentrated elements, such as capacitors, 
resistors and/or inductors, results in a very low reliability above 1-1 .5 GHz. In such a 
case, the parasitic impedances induced by the strips used for soldering the 
concentrating elements in a circuit can cause a shift in the expected resonance 
frequency, resulting in an unpredictable impedance value for the integrated modulator 
and in an unreliable impedance matching between the RF signal source and the 
25 device. 

Applicants have discovered that an appealing solution from the standpoint of 
space, cost, performance, and performance repeatability is provided by a matching 
network fully integrated within the optical modulator. Such an integrated matching 
network is realized, in the selected planar technology, on the same electro-optic 

30 substrate whereupon the modulator Is implemented. 

Applicants have further discovered that if the modulator is resonant, the 
matching network can be given a simple topology based on stub-fine arrangements. 
In particular, the matching network may be placed between the modulator input and 
the coaxial connector, and may partially replace the constant impedance transition. 

35 Applicants have still further discovered that the final taper I ading from th 

matching s ction to the coaxial transition can be either with a non-optimal impedance 
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or can be given an impedance so as to provide an additional degree of freedom in the 
matching section. It can be used as part of the matching network itself. By proper 
design and use of internally matched planar waveguides, an extremely compact 
layout may be obtained, thus enabling full compatibility, in terms of mounting, 
dimensions and position of external connectors, with previous designs based on 
external impedance matching. 

In one aspect, an optical transmission system according to the invention 
comprises: an optical source for generating an optical signal; an RF signal source for 
generating an RF signal at a predetermined frequency, the RF signal source having 
an impedance; a resonant optical phase modulator for modulating the phase of the 
optical signal according to the RF signal; an optical amplifier for amplifying the optical 
signal to a power greater than 6 dBm; an optical fiber line for transmitting the 
amplified and phase modulated optical signal. The resonant optical phase modulator 
includes: an electro-optical substrate; an optical waveguide formed in the substrate 
15 and having a variable index of refraction; an active modulator electrode formed on the 
substrate in relation to the waveguide to effect electro-optical variation of the index of 
refraction upon application to the electrode of a modulating signal; an interface port 
formed on the substrate and providing the RF modulating signal to the electrode; an 
electrical structure, formed on the substrate and coupled to the interface port and the 
20 electrode, an impedance of the optical modulator including the interface port and the 
electrical structure being substantially equal to the impedance of the RF signal 
source. 

In another aspect, a resonant optical modulator consistent with the invention 
includes an electro-optical substrate, an optical waveguide formed in the substrate 

25 and having a variable index of refraction, and a resonant active modulator electrode 
formed on the substrate in relation to the waveguide to effect electro-optical variation 
of the index of refraction upon application to the electrode of a modulating signal at a 
frequency around a resonant frequency. The modulator also includes an interface 
port formed on the substrate which provides the modulating signal to the electrode 

30 from a signal source, which has an impedance, and an electrical structure, formed on 
the substrate and coupled to the interface port and the electrode, for making an 
impedance of the optical modulator substantially equal to the impedance of the signal 
source. 

Preferably, the active modulator el ctrode is connect d to ground. 
Preferably, the electrical structure includes a delay lin connected betw en 
the interface port and the electrode, as well as a resonant stub connected at one end 
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to the Interface port. For example, the resonant stub is connected to ground * a 

'7 T * 'T ^ W40 ' wavelength h .ha delay , lne „ J 

signal at the resonant frequency 

S According to an embodiment, me interface port is tapered from the sicna, 

wuree down to its connection with the delay line. ""the agnal 

typically, the impedance of the signal source is SO ohms. 
Preferably, the resonant frequency Is in the range of 0.5 to S GHz more 
preferably in the range of 1 to 4 GHz. °»<*u,more 

In still another aspect, a resonant optical modulator consistent with the 

ZTe l^T " * SCtr °' 0P " Ca ' 8Ub8,rate ' " ° p,iMl formed m the 

substrate and having a variable index of refraction, and an active modulator electrode 
h«,ng a term^on to ground and formed cn the sub^t. in relaflon tot 
wa^gu de to effect electro^, vanatlon o, the Index of refraction upon application 

m0dUla,,n9 ^ 81 3 reS ° n " nt fr ^-V 7*. modulate 
aspect further tndude, an interface port formed on the substrate for providing „ 
modu^ng «gna, ,o the eteetrode from a signal source, a first electrical ZS 
*m,ed on ^ substrme and connected between the interface port and the eletfrode 

t^J*^ l " Pa,ianCe * ' he l " terfaC8 "O"' «■ « Metrical 

ZT«Z ~~* — «*- « '""dance of the 

Typically an impedance of the electrode is mainly in»glnary, and an 

second electnealdernen, cancel ,he imaginary portion of the electrode impedance 
Tywcalry the signal source includes, coaxial connector 
in a fourth a*** a resonant optical modulator consistent with the invention 
.mean, tor modu,a«ng an optica, s„na, in an aiectro-optica, substr-e « 

•tectnea. modulating ^al at a resonant frequency from a signs, generating means 

"*™ ,0r *"»-«-■. substrate, and means coupled TuT 

means providing ^ „ means f „ for m 

mZ T m" 10 r 10 ^ — 9 enera^ 

means. The means for causing is preferably formed on the substrate 

I" en embodiment, the means for modulating is connected to ground. 
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morf J meanS ° aUSin9 adVanta 9 eous, y incI ^s a means f r delaying th 
modu a*ng s,gna, connected between the means for proving and the means for 

In T«Z ' ^ meanS f ° r ^ afeo ^ **! means 

connected between the means for providing and ground. 

Typically, the means for providing decreases in width from the signal 
generating means to its connection with the means for delaying 

Conventionally, the impedance of the signal generating means is 50 ohms 

onti... TTT aSPeCt ' ^ eleCtr ° de 8trUCture °° nsi ^t vrfth the invention, for an 
opfcal modulator disposed on an electronical substrate having an optica, 
w^guide extending through it. includes a first electrode symmetiicai* disposed 
between first and second portions of a ground p»ane, and having a width decreasing 

z: z ii r $ubstrate to a node - a sec ° nd ~ - - 

In!s in a 7 7** * ** ^ ° f ^ A «" e ^rode 

extends ,n another d.rect,on from the node and has an end near the optica. 

ZT**' A T U e ' eCtrode t0 ^ 6nd **• •« " electrode near the 

opt,ca. wavegu.de, extends parallel to the optica, waveguide and connects to the 
second portion of the ground plane. 

the « J^TT " imPedanCB ' he elee4rod ' <*— • "cm an input to 

*e first electrode. . substantially .qua, to an impedarKe of a signa, source 

'"^ and **— • — « ^ th. node, is substantia,* eo.ua, to 
the .mpedanc. of th. sign., .ourc. connected to the Input „ *. „« e JJ. 

In an embodiment, the third electrode Includes at least two orthogonal ' 

portions. 

Typically, a modulaling signal in th. fourth electrod. modulate, en optical 
signal traveling through the optical waveguide. 

It is to be understood that both the foregoing genera, t^a^, ^ ^ 

o^Z de9CriP,i0n ™ 9 * e ' ,,P,a ' y and - '".ended to 

^^^.r^^ir^n^as^^. The following description as 
weHas the praCc. otthe inva^on. set forth and sugge, add^'advanC an" 
purposes of the invention. 
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BRIEF DESCRIPTI ON OF THE DRAWING 

of this r .^ mPanyin9 drawf "9 s - whi <* « incorporated in and constitute a part 
of ^,s spec.ficat.on. i„ us trate embodiment of the invention and. togeth r w*h the 
d scnpt, n.s rv to explain the advantages and prlnclp.es of the invention. 
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FIG. 1 is a schematic representation of a CATV transmissi n system 
according to the present invention. 

FIG. 2 is a detailed view of the optical modulator shown In Fig. 1 . 

FIG. 3 is a top view of a conventional electro-optic phase modulator requiring 
an external impedance matching network. 

FIG. 4 is a top view of an electro-optic phase modulator utilizing a built-in 
impedance matching network. 

FIG. 5A is a cross-sectional view, taken along the line 5a - 5a in FIG. 4. 

FIG. SB is a cross-sectional view, taken along the Tine 5b - 5b in FIG. 4. 

FIG. 6 is a top view of an electro-optic phase modulator utilizing a built-in 
Impedance matching network, with the dimensions of various portions labeled. 

FIG. 7 is a top view of an exemplary phase modulator design. 

FIG. 8 is a plot of the input reflection coefficient of an exemplary electro-optic 
modulator with built-in matching network as a function of frequency. 

RG. 9 is a schematic diagram of a resonant amplitude modulator according to 
me present invention. 

FIG. 10 is an electrical circuit diagram representative of the elements In the 
efectro-optic phase modulator of FIG. 4. 

DETAILED DESCRIPTION OF THE PREFERRED EMBQDIMgMTJg 
Reference will now be made to various embodiments according to this 
mormon, examples of which are shown in the accompanying drawings and will be 
obvious from the description of the invention. In the drawings, the same reference 
numbers represent the same or similar elements in the different drawings whenever 
possible. 

A CATV transmission system according to the invention is schematically 
shown in Fig. 1. The output of a laser source 200, such as a semiconductor laser 
source (e.g., a DFB laser), is coupled via a single mode optical fiber 106 to the input 
of an electro-optical modulator 100. Typical wavelength values for the laser source 
200 are. for example, in the range 1540-1 560 nm or in the range 1300 - 1320 nm 
Fiber 106 is preferably a polarization maintaining fiber. 

The optical modulator 100. which is particularly adapted for use in CATV 
systems, is schematically shown in Fig. 2. The modulator 100 is formed on a planar 
substrate 101. On the substrate surface, an interferometric Mach-Zehnder 
waveguid c nfigurati n is formed in a manner known to those skilled in the art Th 
Planar substrate and the waveguides are made in any material convenient to the 
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skilled in the art, for example, in on or a combination of the foilowing material 
systems: semiconductors of the ll.-V or ll-VI group. Si, glass, silica, polymer 

aTl^ and 7;' eCt ^ ptic "~. «n a preferred embodiment the substrate is 
an x-cut hth,um niobate crystal and the waveguides are made by titanium diffusion 
The waveguide configuration may comprise, as shown in Fig. 2 an input ' 
waveguide 102 at a first end of the substrate 101, a bifurcation 110, such as a Y- 
splrtter, and two waveguide arms 103, 104. Arms 103, 104 come close together to 

l7*lT?T pler 105 and *" *° parate a9aln to terminate * an - * «• 

substrate (dual-output modulator). The relative distance between waveguides 103 
104 at the substrate end is selected in relation to the technology chosen to couple the 
waveg UIOe outputs to op«ca, fibers. An exemplary value for the waveguide distance 
» 140 ^ According to an alternative embodiment, a Y-cou pter can be used in 
Pfcce of the directional coupler 105. In such case, a single waveguide terminates at 
the end of the substrate (single-output modulator). Waveguides 102. 103 104 are 
s.ngle-mode waveguides at the device operating wavelength. ' ' 

Ground electrodes (not shown) are laid down on the substrate 101 and 
connected to a suitable voltage reference (ground reference). A RF eiectrode 108 
and a b,as electrode 109 are laid down in the centra, region of the substrate 101 
beWn the waveguide arms 103, 104. The length of the RF e.ectrode is preferably 
between 30 and 50 mm. The length of the bias eiectrode is preferably between 5 7nd 
1 5 mm. According to a further alternative embodiment, not shown, a single electrode 
is present for RF and bias. ««wroae 

Y-splitter 1 10, waveguide arms 103, 104, directional coupler 105 (or Y^oupter 
■n the ^ngte-output configuration), RF eiectrode 108 and bias electrode 109 form an 
amp,,tude modulator. A phase modulation electrode 111 is advantageously arranged 

ohasIITr 8 1C1, ° n *• S ' de ° ,the inPUtWaV ^ ide 1 <*. ^ modulate thV 

Phase o the mput optica, signs, by an SBS suppression signal. Waveguide 102 and 

Phase e ecfrode 1 1 1 form a phase modulator. In particular, the phase modulator is a 
resonant phase modulator as described below with respect to Figs. 3-8. Such phase 
modulator can also be formed on a separate chip, which is optically connected to the 
above descnbed amplitude modulator. 

Returning to Fig. 1 , an information bearing RF signal 285, for example a 
CA7V s, gnali ls inputt0 modu|ator 10Q so m t<> superpose ^ |nfcrmat . on to 

opt.cals.gnaL Abiasvoftag 290 is also input to modulator 100 to bring its operating 
(b,as) pent .nall near response region. An additiona. lectrical input for an £ 
suppression signal 280 is provided on modulator 100. 
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B is known that an optical signa, propagated aiono an optical fiber may aiv 

no*W that oc^ when fh. op«ca. power a. the f,*, exceed 
Oven threshold flypicaUy about 6 dBm for a „^ source 

o^r b "T h f *~ 20 M>fe) ™* »°~ n ™" — 3 -rce 
CopTC "^^^^---^attbe^ono, 

,,is * M ^.^«amplefromUS4.560.246andEP56S,036,thatth. 
mreahoid «H power at which stimuiated MM, Matterlnfl ^ „ ,„ 

*er increase, .if the fluency band ofthe propagated optic, . l8 na. „ increased by 

phase modulation. * 

*. r ^^^^^^^^^ coupled each to an optica, 

Sta,,0n3 240 ' 2S0 - E « h « <** I— ^button stations can comprise an optical 
coupler to spii, and distribute the optical signal, via respective optica, fiber line. 260 
270 * receiving unte 265, 275. At the receiving ur*s, the optic, signal Is converted 
to etactncal s^nals and sent to respect*. RF dwnbution „ 
d»a=ay to end users. If modulator 100 is singls-output. a single fiber line 220 and a 
single distribution station 240 are present. 

Fiber lines 220, 230, 260, 270 are preferably monomodal. Muibmode fibers 
however, can be advantageously adopted to cover relatively short iine sections e g 

^ ta "- MUWm0de fib0rS ' <*" ^ ad0 ^ for the signal' 
distnbution fiber network (260, 270). 

Optica, amplifiers 205, 210, for example erbium doped fiber amplifiers, can be 
prov.ded at one or at each output of modulator 100 to boost the optical signai and 
mcrease the transmission distance along fibers 220, 230 and/or to increase the 
number of receiving units 265, 275 to be reached by the optica, signal. To tun the 
specific needs of a signal distnbution network, those skilled in the art may. according 

I J 7Z T* ^ anan96 additi ° nal ° ptical <"<* sh°wn) along optical 

fibers 220. 230, 260, 270 and/or at the output of distribution stations 240, 250 The 
schematic distribution network 240, 250, 260, 270. 265, 275 shown in Fig 1 car, be 
adapted by those skilled in the art to the specific needs that arise in each practical 
case, e.g., by selecting an appropriate number and arrangement of distribution 
stations, optical fibers and receiving units. 

Sfi ,™ G P0W ™*» of the phase modulating electrical signals are 

selected, according to known relations, in such a way as to obtain the requisite 
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wloenir.gofme band oftr» optical signal. For example, a power of 30 35 hb . 

ampfmsrs 20S, 210, a band of 0-660 MHz lor the CATV .^7 T Bm ° f 

50 km for optfcal fiber, 220, 230. ^ S "* * *** " abou4 

5 discusl^rLT^" ,0m ° W — •<—» - now be 

Z,7r S ^ U "* an " ° PenSon <" a "nwntlonal .won,,,, phaw 

modulator will be described. p 

fig 3 A ijrrr , r '""^ resonant phaw mo<,u,a,or 10 * •> 

10 II^' WM '^ PwiS ^ p ^ ,h>ma "<»P««'«ber( n ot,hown)in tofl » 
.ThT, 8 1 " *•"*•'—'«• ^ -U eigne, prop^s 

trough me lengm of the modutotor 10. end exits a, <h. rtgh. sW e oMhe fio u ™ The 

exempt «e raum lnto „ subs^ate. The etectro-opBc substrate 2 may be formed of 
^« ma,.*, ^ „ vadab* *d.x of refr acUon, L^T 

UNb03. A m,crowave mod^no sfcnsi Aom a sign., source <„o« shown, „ ^ 

^ncher S a»ows. „ „ ^ end ^ a > 

co^connectorfrom^emodu.etin,.^, source. ThefcuneherS, whZ a y 

" " 6 " in,ertaCe ^ " to *• «*• modulator 

~ 4 r 8 ^^ 3 * * a -neCon J£ ground 

aectrcde 4. in a resonant electrode conjuration. near*, end of the substrl 
where the optical power exits. «neeuostrate 



25 



30 



35 



which • T" 0,0,6 ^ Si8nal talte ' ^ ■— »• «*■« ^o-optic effect 
TtT. T, . *" bS,Ween «" 3 and me grout p*™ 

guTenTbT te ^ d,nanaS ~=»^-«.^..and'heo^ 
8-d. m. between electrodes 3 and 4, This optimize, etectro-optic MeracdontL, 

.^T" "» ■»«"•"•"• - low dletecWc consent buffer layer 

0* *own> . grown on the upper surface o, th. subsuate. and a ^ 
«■•*> layer (gold (Au> tor example) Is exploited for th. electrodes 

mod,, !" 0rd9 , '° aChi8V * S °° d na ™""»"" •fflcency. me shorted active 

modutatorcoptana, „ne 3 Is conven^onaHy designed so as to beLrty re ^.« « 
»e eeMerband fluency owing ,o this fetfure, me centor bandtp'Zli 
-eany-maginery. and me *put moduiator relte*. n coefTKien, S1 "Z^Z 
Log^) where P^lath availaB( RF pow r f™m m . signal source a^P I 
,hS ~ RFP to 2ero(aboul _ 2de , ^L-tTZX 
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20 layer of metal on th. Pr0C68S may inC,Ude Siting a 

In general electron <i i. * electrode 4 is also realized. 

^".nc, h the^o sTs ^ " T " n,0dU,aBOn ^ 8 « 
» 4GHz. ^° Sto5Gfe Aw( ^°l»«ln8 band ransel to 

-"icrowave Hoe, connected to the launch r 5 and , * ^ lant 

-oppo^^e^., ^„n. 7 trrto^tr::r: 
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th.^ .tetrode 3. Th con,^.,^.,^,^^ 
7*aybe genenc-ly refcrred to M an eleeWca| 

mavbegen^caliyref^dtoasan lntertaoeporl ^ ^ « 

subehasanimpeoanceZ,; the deiay line 7 has an impedance 2r ^^'•^ 
el«trode 3 has an impedance Z,. AH of the,, Impedances may include both 
resistive (i.e., real) and reactive (i.e.. imaginary) components 

As may be,™ from FIG. 10. me total input impedance of the optical 
mooter 10 should eo.a. the impede of th. modular, sign., sourt,n 
parfcular. the .mpedanc, Z 3 of the active ebcfrod. 3, that is mostly imagery or 
reactive, is compensated by tne arrangement of the stub 6 end ,he delay line 7 The 
puncher 5 trans*™ « ^ „ „ 

«ub6. the detay Nne 7. and the etecaode 3. both o, which heir, a,,he same 
nwdm. The launcher 5 (normally M mm long) guides ,he modulating signal 
JW- ..ecrode^can add»iona„y perform an impedance transaion bH n 
the coaxial connector and the electrode. 
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In a requency rang, below 4 GHz, i.e.. the wavel^ <* the RF ^ „„ 

2 "^1^ W9her ,han *~* , - 6 -^^^ """Cher 5 n 

the matching netwo* S. 7 is em.,, and , te behavior I. simiiar to that of a eimpte line 
whatever its geometrical form. «<" a simple line. 

At higher frequ«,cl«. fo, example 10 GHz, th. buncher 5 begins to have 
some relevant effect end oa„ be used aspariofthe matehing netw J 6 , * ^ fc 

and < ha, to be careMv designed. Such , de*gn would allow the launcher Z 
Pro«de an addi«ona, degree rt freedom in the d^ign of me matching secL 

The ^length xof the modutoting RFslgna. In a RF waveguide is given by 

of the RF moduiafng sign,, and N„ is the refractive index of me RF waveguide a, 
ZT' *" *" **• d8Uiy '*» of a UNbO, modulator Active 

To ,£rr S5Um9 ValUe> h *" ranS8 3 " * d ~° on •» Paramour 
e., the th^es, and widm of me conductor strip, and their oriental 1 

^ToTlT'T 71,6 wave,ena * x modu * sn9 RF — - *° 

rmoduia, , r91tamP ' ' aVaIUein ' h -«■«'— 1**»10«.*r« 

moduto,ln 9 "=o.u ncy f m the preferred range between 1 and 4 GHz. 
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in order to pro,!* a signfflcant elf ct in matching the almost Imaglrmry 
impedance f.he sonant eteoode 3,,hed by «ne 7 ha. along* in lee! of 

"Z Z^T^ ,0 * ^ 8rea,er * an M • " mm « »• 

above ,nd,ca*d exempiary x va,ues. The length of the delay line 7 i 8 preferably 

around, or in excess of, A/20. 

Also, to provide a significant impedance matching effect, the stub 6 has a 
length „ excess of a/40, corresponding to a length greater than 0.4 -2 5 mm 
depending on a. for the above indicated exempt x values. The iength of the stub 6 
is preferably around, or in excess of. A/20. 

and J?, TT 0b3en " <i ** impe<,anoe <**"«*en*ic. of the stub 8 
and the delay |,„. 7 show a periodic behavior for length, h excess of m. To reduce 

on the ,ub*rate and simplify the modui«or de 8lgn . the sho[te8t 
posable length comsspond,* to given impotence dm***, are preferabry 

C^r' he .T 6and,h,delay " ra ? - 

than mjo, said element,, i..., of .es, than 8 - so mm depending on X, for the above 

indicated exemplary X values. 

The design and optimization of the tapered launcher S, the stub 6 and the 
cascaded line 7 is carried out starting from experimental and theoretical 
char-^featlons of the RF waveguide parameters, e.g., propagaion constant 
attenuate, and impedance, versus the line dimensions. After such design and 

op^^ n ofth.deslg„,ama,Ki,cre^*,r^chosen*mem S * )m « ry h 
order to correctly form the elements 3. 4. S, 6, and 7 on the substrate 

Fl °' ehCW " " CrOM * eC8 ° n °* °" •Wiu~We coplanarwaveguide 
(ACPW) exploited ,0, the modulator electrode, taken on the line 5a-5a in FIG 4 The 
25 posmon of the optica, waveguide 1 is shown reiatlve to the electrode 3 and the 
ground electrode 4. The dimension W shows the width of the electrode 3, and the 
S ?° WS *" a " beto ~" a**™* 3 and the ground electrode 4. The 
matehmg sectons 6 and 7 have similar cross sections In the ACPW. This geomeby 
-lows the use of a single ground elecfrode, mainly in order ,0 minimize me area on a 
30 crsp consumed by the optical modulator. " 

"S- »»l^sacn»,^onoftr«symmelricalcoplanarwaveg u ide 
exited for the tapered Puncher 5, taken on the line 5b-5b in FtG. 4. in order to 
have a good behavior of the modulator, tapering of ,h launcher . is prefer but 
35 o2TT GHz good results can be a,so 

^ *T teUnChW - « uprise , straight 

port™ and a tapered portion, a. shown, for example, in FIO. 7. The only 
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ZT ent !l! h ! ' aUnCher iS SymmStry ° f ^ C0P ' anar A symmetrica, 

suture « needed in order to minimize reflections taking place at the external 
transrtion (not shown) connecting the launcher to a coaxial connector Such a 
symmetrical structure is only necessitated by the circu.ar symmetry of the coaxial 
connector teelf. ,f some other type of connector were used, other than a circular 
coax,al connector, this symmetry requirement for the tapered launcher 5 may be 
relaxed. 

FIG. 6 shows the main design parameters of the optical modulator, i.e. the 
modulator length LI. the stub length L2. the de.a y line length L4 (L4 = L41 + L42 + 

rfthl l44 l !T Z taPW ,en9lh ^ re ' eVart Parametera in defin ^ the design 
of the modulator 10 are the coplanar waveguide gaps S, that is, the distances 

between the electrodes 3 or 5 and the ground electrode 4, and the strip widths W of 
the electrodes, as shown in FIGS. 5A and 5B. This stub-line arrangement, generally 
shown in FIG. 6, has a preferred frequency range above 1 GHz. With lower 
frequencies, the length of the stubs to be used becomes large, causing a 
corresponding increase in the overaJI chip length. 

Applicants have previously discovered, as disclosed in PCT application WO 
99/09451. that the modulating efficiency may be optimized by adjusting a ratio 
between the wavelength of the microwave signal and the length of the electrode 3 
|.e. X/ L1 . The length L1 of the decode 3 can be advantageous.y chosen so that 

of V?" ^ Preferab ' y betWSen 2 3 8nd 31 ' and — — Preferabiy 

ofabout2.7,wh,chprovidesano P timummodu.atingefficienc y . Alternatively, if the 
length L1 of electrode 3 is constrained, the wavelength X of the microwave 
modulating signal may be adjusted to provide a ratio in the above range. The above 
design factor may be considered when designing the impedance matching network 
aocordlng to the present invention. 

An exemplary phase modulator for operations around 2 GHz was designed 
wrth the geometry in Table 1. This phase modulator design is graphically shown in 
F.g. 7. The design shown in Fig. 7 differs from that shown in Fig. 6 in that L41 is zero 
0.e.. not present). In order to avoid confusion between the section L42 of the delay 
ne and the electrode section L1 in Fig. 6, it should be noted that the gap S between 
L42 and the ground electrode is high enough (typically, greater than 50 m) to 
guarantee that a negligible electro-optic effect is generated in that region On the 
ether hand, a strong electro-optic effect is generated in th region L1 of the electrode 
due to tower gap S (typically in the range 5 - 15 m >. Further, the launch r 5 includes' 
a straight portion at the narrow end of its tapered portion. 
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Length, 


Length 


S, micron 


W, micron 




mm 


reference 
name 






Modulator 

Stub " 


16.000 


LI 


10 


80 




1.500 


L2 


76 


80 


r aperea Launcher 


1.609 


L3 


t^rom 650 
to 73 


f-rom 500 
to 80 


Delay Line 


0.000 
0.500 


L41 
L42 


76 


80 




0.415 


L43 


100 


80 




0.500 


L44 


76 


80 



All of the dimensions in the above table. LI, L2. L3. U1. L42, L43, L44 S 
and W, correspond to the dimensions shown in FIGS. 5A. SB. and 6. The to ' 

0,SandWto,h8 *— ' « 0. edge of th. chip, while £ 
sma»er pensions occur a. me interface with me del., line and the *ub. The ohlp 
us* for the above design was 2 cm long. 0.S on wide and 0., cm tnlck; the tayer o, 
S.O a was O S Mm thick; the thickness of th. Au tetrodes »»„ 5 „ « ^ fte 
d,m^slons listed above and shown in FIG. 7 are but one conjuration of the general 
•moment shown ■„ FIGS. 4 and 8. and are no. timitaave of the ,nv« tf on ZT 
configurator,, either more simple or more complex, are powlble 

. - . H* * 5eC ° nd eXan,Ple ' ** *" OWin9 Tabte 2 deBn " seometry similar 

^described in FIG. 7. bu, containing some different paramos for me ma^ 

Table 2: 

5 [micron] [ W[microriT 
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The impedance value (in ohms) off th activ electrod plus the delay line 7 
(without the stub 6 and the input taper) in the modulator of the present second 
example has been determined, at a frequency of 2.1 GHz, as: 

Z = 3.16 -j 12.2 

In the present example, the impedance of stub alone is: 
Ze = 0.3 +j 11.7 

The corresponding total input impedance of the modulator without the 
launcher and the connector transition is: 
Z = 39.9 -j 14.4. 

Taking into account the input launcher and the connector transition the input 
impedance Z w of the device reaches a value even doser to 50 ohms. Applicants 
have measured, for the second example modulator, an input impedance at a 
frequency of 2.1 GHz of: 

Zin = 49.4 +j 1.12 

This input impedance matches well with the standard 50 ohms impedance of 
RF generators. 

FIG. 8 shows the measured frequency response of the input reflection 
coefficient Sl 1 in the band 0-5 GHz for the modulator according to the design set 
forth In Table 2. Such measurement was performed by means of a conventional 
electncal network analyzer in the bandwidth 0-7 GHz, connected to a 3.5 mm SMA 
connector soldered to the modulator chip. As mentioned earlier, complete reflection 
would result in S„ = 0 dB, indicating that all input power is reflected. A notch in the 
reflection coefficient corresponds to a peak in power transfer efficiency to the 
modulator. The values of some reflectivity notches (two of them are visible in FIG 8) 
is reported below in Table 3. 
Table 3: 



Freq. [GHz] 


2.125 


4.234 


5.2 


6.311 


Sn IdB] 


-29.2 


-19 


-38 


-19.7 



In particular, a return loss S„ lower than -12 dB was achieved on a 
bandwidth Af of 60 MHz around a center frequency f„ = 2.1 25 GHz. 

A corresponding serf s of measurements was carried out for the modulator 
of the first example, with the design of Table 1 . A return loss S„ tower than -12 dB 
was achieved (data plot not shown) on a bandwidth Af of 82 MHz around a center 
frequency f„ = 1.605 GHz. The depth of the notch at f 0 was measured as -42 8 dB 
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Thlsm ans mat at the cent r frequency t, i ssthen «v«««». , .. 

modulation * P° wer 'rom the 

modulate ..gnal source was natocted by th ^ fw 

^voltage n ed« I to induce a 180- phaae modulation, measured with a stendard 
apaclral analys,, of a ph«e modulated Ugh. at ,550 nm proved by a DFB W 
waa.nM.0Vat1.eGHz. ,„ conuas, for amodutaterw*, the sal JJZL 

value o, v. was 8.5 Vat 1.8 GHz, a significant IncnMs. in th. voltage needed Z 
induoe a 180* phase modulation. 

«,„,»■ • HenC8 '- ^ 3 8lV9n '" 0d, " aUn8 eOUree power ' "» ■>'<•» optical 

Z ' ma " m " 9 * " m matched »' *o»e. Lookmg a, it anomerwlt 

T °' mOdU ' a, ' 0n ^ «• m « Ma *"' — ^wer neededT' 

dm* lh ether way of vowing the result of increased power transfer, the 
MkMng efficiency » i„ C re««,. a forth* advantage of an incased modulation 
^ncyisthepossibaityofusinalesscosByRFdnvera ™>au.at,on 

moduia, * TT ale0,,0d8 """^ cm a "° be «** an amplitude 

n^T L - Ph "*° ' n0dU,ater - N °™^ ""^"^ are 

Z£ J? and not naTOWband - Howevsr - a reaOTa * —*« 

ampMud. modulator can be used, for exampto, for puise shapin B . I.e.. modify!™, 
OPUC. PU.es accord to . s^fio shape . A ^ na J ^ j££ 

"odu .ton *. can be used for ga«n 9 . i..„ time filteong opHca, pu*es acting ,o a 

A aohematic diagram of an exemplary resonant amplitude modulator 
aecoM^ to the Invention is shown ,„ FIG. 9. The Mach Zehnder interferometer 

7*1T™ h 9 °" ' "*» •*«. - input wTguide 

5a ^.ntenerometer arm, 51. 52 and an outeu, waveguide 53. Y coupier. optLiy 

rroirr ( ou,pu,) wave8uides ^ *■ A ■jl.' 

«ubs e a delay i m 7, and a hot (RF) electrode 3 looatad on the substrate in the 
«fl.on between the two waveguide anns 51. 52 The hot electrode 3 is short circuit 

~:° rr 4 * ' ^ -~ *• »» ater£Zg 

oZT TJT The8apSb ^-^»»' (RF) electrode 3 and the 

about 10 Mm. Th gaps between* stabs 8 or the delay Jne 7 and* ground 
lectrode 4 is ab utSO-IOOpm. 
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vari-Jn "! aPParem 10 m0Se SWBed ' h ^ various and 
~» can b m ade in the dfcaosad p^ocss and product w«h.ut departing from 

M ^ ""I ' emb0diments <* *• ■"»■*» «■ "» apparent to those skUW In the 

here,n. . . tended that .he specification and examples be considered as exem- 
Ptary only »«, a m,e scop, and spirt, of the Invent being indicated by th. 
following claims. y 
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WHAT IS CLAIMED |g . 

1 An optical transmission system, comprising: 
an optical source for generating an optical signal; 
5 an RF signal source for generating an RF signal at a predetermined 

frequency, the RF signal source having an impedance; 

fi .«n , are T ant0PtiM,Ph ^^ 
signal according to the RF signal; 

10 dBm; anOP " MlamP ^ 

signal; "** *~ ^ ** the am P ,ifi * «- Phase modulated optica, 

wherein the resonant optical phase modulator includes: 
an electro-optical substrate; 

1 5 index of refrair" 91 ^ * - * ~ 

an active modulator electrode formed on the substrate in relation to 
the wavegu.de to effect electro-optica. variation of the index of refraction upon 
application to the electrode of a modulating signal; 

an interface port formed on the substrate and providing the RF 
modulating signal to the electrode; 

an electrical structure, formed on the substrate and coupled to the 
T* T " imp6dan0e ° f * e T Eluding the 

2. A resonant optical modulator, comprising: 
an electro-optical substrate; 

30 * hJZT" ^ - *«"» • 

an active modulator atectrode „„ ^ 

»e wava^de ,o effoc, «ec*o-o P «c al ™a*o„ of *. IMex of rafracliorl upon 
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siD u «. anj "terface port formed on the substrate and providing* modulating 
s. 9 nai to th electrode from a signal source, the signal source having an impedance 
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in***, - anetecWca " ^ucture. formed n the substrate and coupted to the 

5 

3- A resonant optical modulator as recited in H a «, o u . 
modulator eiectrode «, connected to around ' Wh9 '" n *" 

*■ A resonant optical modulator as recited in claim 2 wherein th. 
5. A resonant optical modulator as recited in claim 4 wherein th. 

to £ tor** greater than W <o, where Ms the wavelertfhin the de, ay «» „ , 
signal at the resonant frequency 

20 

r _ * A reSOnant opticaf modulator as recited in claim 2, wherein the 
resonant frequency is m the range of 0.5 to 5 GHz. nereinthe 

8. A resonant optical modulator as recited in claim 7 wherein the 
25 resonant frequency is in the range of 1 to 4 GHz. 

9- A resonant optical modulator, comprising: 
an electro-optical substrate; 

30 index of refrsZ^ ^ * ^ " « a variaUe 

formed nn tK J"*" m ° dU,at ° r haVin9 a Nation to ground and 

formed on the substrate in relation to the waveguide to effe* ^ 
of the index of refraction unftn an ... e9L " de to effect e tectrc-opt.cal variation 
sonant freque^T ' * * 3 •*« at a 
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PC813 

23 



2 fc>*4i^^o-» +49 89 2399* 



a first electrical elem nt formed on the substrat a „n 
between the interface port and th el ctrod ; and 

a second electrical element formed on the substrate ^ 
between the interface port and ground. °° nn * !tad 

s 

10. A resonant optical modulator as In claim 9 wherein a total i m m 

- .nterfcce ^ ^ nrst . lMtfjca| ^3*"" 
e*«nca, e^entauc^an,^ ^ an of ^ ^ ^ 

10 11. A resonant optical modulator, comprising- 

said mean, f ** m0dU ' atln9 ° Ptfeaf in « electro-optical substrate 

sa.d means for modulating being formed on the substrate; 

means for providing an electrical modulating sianal at a ^ . 
means, coupled to the means for provldina anri — * 

20 

m~ I 2 ' A reS ° nan! ° pBc- modu,ator ** recited in daim 1 1 wherein the 
means for modulating Is connected to ground. ' 

1 3- A resonant optical modulator as recited in claim 1 1 wherein th» 
1 5. A resonant optical modulator as recited in claim 13 

=2=r:==5r-- — ™ := 

35 



PC813 24 



16. An electrode structure for an optical modulator disposed on an 
- 3 firSt eteCtrode symmetrically disposed between first and second 

a th.rd electrode extending in another direction from the node and 
10 having an end near the optical waveguide; and 

o D « Mt a J° U,th e,eCtr ° de C ° nneCted t0 the end of the » « tetrode near the 

15 th. eJL eteCh0d ° - «*- *> «" «. when* an impMance 0( 



19. 



An electrode structure as recited in claim 16, wherein the third 



25 electrode includes at least two orthogonal portions. 



aifl » a . !1 J* e,eClr0de • tW0,UW 88 reCit6d in daim 16 « wh ^-n a modulating 
----fourth eiectrode ^--^^^^^ 
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ABSTRACT OF T HE INVENTION 

A resonant optical moderator includes an etectro-opfical substrate, an optical 

actve modulator electrode formed on the substrate in relation to the waveguide to 
eflect electro-optical variation of the index of refraction upon application to the 
elec^de of a modu.at.ng signal. An interface port formed on the substrate provides 
the modular signa, to the electrode from a signa. source and has an impedance 
An etectnea, structure, formed on the subsfcate and coupled to the Interface port and 
*e electrode makes an impedance of the optical modulator substantially equal to the 
.mpedance of the signa. source. The electrical structure includes a delay line and a 
stub formed on the substrate. 
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